Rap1 small GTPases interact with RIAM, a member of the MRL protein family, to promote talin-dependent integrin activation. Here, we show that MRL proteins function as scaffolds that connect the membrane targeting sequences in Ras GTPases to talin, thereby recruiting talin to the plasma membrane and activating integrins. The MRL proteins bound directly to talin via short, amino-terminal sequences predicted to form amphipathic helices.
Introduction
Increased affinity ("activation") of cellular integrins is central to physiological events such as cell migration, assembly of the extracellular matrix, the immune response, and hemostasis (1) . Each integrin comprises a type I transmembrane α and β subunit, each of which has a large extracellular domain, a single transmembrane domain and a cytoplasmic domain (tail). Talin binds to most integrin β cytoplasmic domains and the binding of talin to the integrin β tail initiates integrin activation (2) (3) (4) . A small, PTB-like domain of talin mediates activation via a twosite interaction with integrin β tails (5) , and this PTB domain is functionally masked in the intact talin molecule (6) . A central question in integrin biology is how the talinintegrin interaction is regulated to control integrin activation; recent work has implicated Ras GTPases as critical signaling modules in this process (7) .
Ras proteins are small monomeric GTPases that cycle between the GTP-bound active form and the GDP-bound inactive form. Guanine nucleotide exchange factors (GEFs) promote Ras activity by exchanging bound GDP for GTP, while GTPase activating proteins (GAPs) enhance the hydrolysis of Ras-bound GTP to GDP (reviewed in (8) ). The Ras subfamily members, Rap1A and Rap1B, stimulate integrin activation (9, 10) . For example, expression of constitutively active Rap1 activates integrin αMβ2 in macrophage, and inhibition of Rap1 abrogated integrin activation induced by inflammatory agonists (11) (12) (13) .
Murine T-cells expressing constitutively active Rap1 manifest enhanced integrin dependent cell adhesion (14) . In platelets, Rap1 is rapidly activated by platelet agonists (15, 16) . A knockout of Rap1B (17) or of the Rap1GEF, RasGRP2 (18) , resulted in impairment of αIIbβ3-dependent platelet aggregation, highlighting the importance of Rap1 in platelet aggregation in vivo. Thus Rap1 GTPases play important roles in the activation of several integrins in multiple biological contexts.
Several Rap1 effectors have been implicated in integrin activation (19) (20) (21) . RIAM (Rap1-GTP-interacting adaptor molecule) is a Rap1 effector that is a member of the MRL (Mig-10/RIAM/Lamellipodin) family of adaptor proteins (20) . RIAM contains Ras association (RA) and pleckstrin homology (PH) domains and proline-rich regions, which are defining features of the MRL protein family. In Jurkat cells, RIAM overexpression induces β1 and β2 integrinmediated cell adhesion, and RIAM knockdown abolishes Rap1-dependent cell adhesion (20) , indicating RIAM is a downstream regulator of Rap1-dependent signaling. RIAM regulates actin dynamics as RIAM expression induces cell spreading, conversely, its depletion reduces cellular F-actin content (20) . Whereas RIAM is greatly enriched in hematopoietic cells, Lamellipodin (Lpd) is a paralogue present in fibroblasts and other somatic cells (22) .
Recently, we used forward, reverse, and synthetic genetics to engineer and order an integrin activation pathway in Chinese Hamster Ovary (CHO) cells expressing a prototype activatable integrin, platelet αIIbβ3.
We found that Rap1-induced formation of an "integrin activation complex," containing RIAM and talin (23) . Here, we have established the mechanism whereby Ras GTPases cooperate with MRL family proteins, RIAM and Lpd, to regulate integrin activation.
We find that MRL proteins function as scaffolds that connect the membrane targeting sequences in Ras GTPases to talin, thereby recruiting talin to integrins at the plasma membrane.
containing designated mutations were generated by using QuikChange® II XL SiteDirected mutagenesis Kit from Stratagene (La Jolla, California) with mutagenic primers. Plasmids encoding for HA-Rap1A (G12V) and HA-Rap1GAP have been described previously (23) . Mammalian expression constructs for HA-mouse full length talin and its mutant (W359A) constructs were previously reported (4) . Bacterial expression vector encoding Histagged human full-length talin in pET30a was a generous gift from Dr. Liddington (Burnham Institute for Medical Research, La Jolla, California). The authenticity of constructs was confirmed by DNA sequencing.
In vitro protein interaction assay
Bacterial expression plasmids encoding GST-RIAM, GST-Lpd, their mutants or GST vector were expressed in BL21(DE3) (Novagen, Madison, Wisconsin), and recombinant proteins were purified on glutathione sepharose beads according to manufacturer's instructions (GE Healthcare, Piscataway, New Jersey).
His-tagged full-length talin was expressed in BL21(DE3) with 0.2 mM IPTG (isopropyl 1-thio-D-galactopyranoside) overnight at room temperature and purified using Ni-NTA His-bind ® resin (Novagen) affinity matrix. Purified talin was dialyzed overnight in a buffer (50 mM Tris-HCl (pH 7.4), 200 mM NaCl, 0.1 % Triton X-100, and 1 mM DTT). Interaction of GST-RIAM proteins or GST with his-talin was conducted in a reaction buffer (50 mM Tris-HCl (pH 7.4), 200 mM NaCl, 0.1 % Triton X-100, 5-10 mg/ml BSA, 1 mM PMSF (phenylmethylsulfonyl fluoride), 10 μM E-64, protease inhibitor cocktail (complete mini, Roche)). 10 μg of purified GST-fusion RIAM proteins on affinity matrix was mixed with 20 μg of his-tagged talin and incubated at 4°C for 1 hour. After washing the beads with reaction buffer, samples were fractionated on 4-20% SDS-PAGE gel (Invitrogen). Bound proteins were analyzed by western blotting or Coomassie blue staining. Peptide inhibition assay was performed in conditions described above with purified RIAM peptides (GenScript Corp., New Jersey) wildtype (6-30, EDIDQ MFSTLLGEMD LLTQSLGVDT) or mutant (6-30-4E, EDIDQEESTEEGEMDLLTQSLGVDT).
Transient
transfection and immunoprecipitation A5 cells (Chinese hamster ovary cells stably expressing α IIb β 3 ) were cultured in DMEM supplemented with non-essential amino acids, L-glutamine, 10% fetal calf serum and antibiotics. Lipofectamine and Plus reagents (Invitrogen, Carlsbad, California) were used for transient transfection according to manufacturer's instruction. For immunoprecipitation, cell lysates were prepared in a lysis buffer (50 mM Tris-HCl (pH 7.4), 150 mM NaCl, 0.5 % Igepal CA-630, 1 mM PMSF, protease inhibitor cocktail (complete mini)(Roche). Cell lysates were immunoprecipitated with 5 μg of anti-HA mAb (clone 12CA5) for 4 hrs at 4°C. Protein G-sepharose (Invitrogen) was added to the reaction mixture and further incubated for 1 hr at 4°C. After three washes with lysis buffer, beads were mixed with sample buffer and subjected to SDS-PAGE. Bound proteins were detected by western blotting.
Integrin α IIb β 3 activation A5 cells were transiently cotransfected with HA-tagged full-length talin and GFP-RIAM, GFP-Lpd, their mutants or GFP control for 24 hrs. Three-color cytometry was employed to measure activation-specific antibody PAC1 binding to integrin α IIb β 3 as described (23) . In brief, transfected cells were suspended and incubated with 0.1% PAC1 ascites, washed and stained with R-phycoerythrin-conjugated goat anti-mouse mouse IgM antibody (Biomeda, Foster City, California) to detect bound PAC1. Cells were further incubated with propidium iodide (1 μg/ml), washed and by on December 21, 2008 www.jbc.org
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analyzed by FACScan flow cytometer (Becton Dickinson, Mountain View, California). Collected data were analyzed using CellQuest software (Becton Dickinson). The integrin activation index is defined as 100 x (F-F 0 )/(F max -F 0 ), where F is the median fluorescence intensity (MFI) of PAC1 binding, F 0 is MFI of PAC1 binding in the presence of 1μM α IIb β 3 -specific inhibitor Ro43-5054, and F max is MFI of PAC1 binding in the presence of 2μM α IIb β 3 -activating antibody anti-LIBS6. Activation index is represented as mean ± standard error (S.E) for n≥3.
Subcellular fractionation
A5 cells transfected for 24 hrs were subjected to subcellular fractionation as described (23) . Briefly, cells were harvested in a lysis buffer (20 mM Tris-HCl, pH 7.4, 50 mM NaCl, 2 mM MgCl 2 , 5 mM KCl, 1 mM PMSF, 10 μM E-64, protease inhibitor cocktail (Complete mini, Roche) and incubated on ice for 10 min. Swollen cells were disrupted by dounce homogenization and a fraction (total cell lysate) was saved for analysis. The remainder lysate was centrifuged at 2000 rpm for 10 min to pellet nuclei and unbroken cells. The supernatant was further centrifuged at 14000 rpm for 30 min to pellet the membrane fraction, which was further washed and extracted in lysis buffer including 1% Igepal CA-630 at 4°C. Total lysate, cytosolic-and membrane fractions were fractionated by SDS-PAGE and analyzed for protein expression by western blotting.
Co-clustering of integrin αIIbβ3, talin with RIAM or Lamellipodin
To label αIIbβ3 integrins, A5 cells transfected with mCherry-talin and various GFP-RIAM or GFP-Lpd constructs were incubated with 30 μg/ml D57-Alexa647 (D57 monoclonal antibody directly conjugated to AlexaFluor647 (Invitrogen)) for 20 min prior to plating on 10 μg/ml fibrinogen-coated cover slips. The cells were allowed to adhere for 30 mins in complete DMEM, rinsed once in PBS and fixed with 3.7% formaldehyde in PBS. In some experiments, A5 cells were cotransfected with HA-Rap1GAP. Following fixation and permeabilization in 0.1% Triton X-100 for 5 min, HA-Rap1GAP was immunostained using anti-HA monoclonal antibody (Covance Research Products) that was directly conjugated to Alexa-Fluor350 (Invitrogen). Cover slips were subsequently mounted in Prolong Gold antifade reagent (Invitrogen) on slides.
Epi-fluorescent images of cells were acquired with a 60x oil immersion objective on a Nikon Eclipse TE2000-U microscope equipped with the appropriate excitation and emission filter sets (Semrock Inc, Rochester, New York). Images as shown are maximal projections of deconvolved images that were acquired at 0.1 μm z-section intervals.
Images were deconvolved using the 3D Blind Deconvolution algorithm of AutoQuantX (Media Cybernetics Inc, Bethesda, MD). Additional post acquisition processing of images were performed using ImageJ (http://rsb.info.nih.gov/ij/) and Adobe Photoshop.
Results and Discussion
An N-terminal 103 residue fragment of RIAM binds talin RIAM mediates Rap1-dependent integrin activation by forming a complex containing activated Rap1, talin and the integrin (23 with anti-HA antibody and associated GFP-RIAM fragments detected by western blotting with an anti-GFP antibody. As expected, full length RIAM interacted with talin (Fig. 1A) . RIAM contains several modular domains, thus we analyzed fragments that specifically deleted one or more of these domains. The C-terminal half of RIAM, containing the principal ENA/VASP binding sites and the PH domain (20) were dispensable for talin association because fragments lacking these domains (RIAM(1-421) and RIAM(1-301)) associated with talin, whereas a construct containing the RIAM C-terminus (406-666) associated to a much lesser extent (Fig. 1A) .
A talin interacting site (1-301) was thus localized within a RIAM fragment that contains two coiled-coil regions (63-90 and 150-182) and a Ras association (RA) domain (Fig. 1A) . RIAM(1-301) was well expressed as a Glutathione-S-transferase (GST) fusion protein in a prokaryotic expression system, affording us the opportunity to assess the direct binding of this region of RIAM to purified recombinant talin. Purified hexahistidine-tagged full length recombinant talin (His6-talin) was incubated with GST-tagged fragments of RIAM (GST-RIAM) immobilized on glutathione-sepharose beads and bound talin was detected by protein staining after SDS-PAGE fractionation. Three GST-RIAM proteins containing the NH 2 -terminus residues RIAM (1-301), (1-176) and (1-103) interacted with talin, whereas GST-RIAM(104-666) or GST alone did not (Fig.  1B) . Thus, talin interacts directly with RIAM and the interaction is mediated by an Nterminal fragment that lacks the Rap1-binding RA domain, the PH domain, and most of the ENA/VASP binding motifs.
Both talin and Rap1 binding regions of RIAM are required for integrin activation
As noted above, RIAM(1-176), which lacks the Rap1-binding domain, binds directly to talin. Since the activation state of Rap1 controls RIAM-dependent integrin αIIbβ3
activation (23), we examined the capacity of this fragment to activate integrins in conjunction with talin. We first verified that there was low level spontaneous Rap1 activation in the CHO cells (Suppl. Fig. S1 ). We co-expressed GFP-RIAM fragments with HA-talin in A5 cells and used flow cytometry to assay the binding of an integrin αIIbβ3 activation-specific antibody, PAC1 (26) . Cells co-transfected with HA-talin and GFP-RIAM(1-301), which contains both the talin and Rap1 binding sites, exhibited increased PAC1 binding ( Fig. 2A, 2B ). In contrast, no increase in PAC1 binding was observed when talin was co-transfected with either GFP-RIAM(1-176), which lacks the RA domain, or GFP-RIAM(104-666), which contains the RA domain but not the talin binding site ( Fig.  2A, 2B ). In these experiments, we confirmed by immunoprecipitation that GFP-RIAM(1-176) and GFP-RIAM(1-301) associated with HA-talin in these cells, whereas GFP-RIAM(104-666) failed to do so (Fig. 2C) . Furthermore, as with full length RIAM(23), activation induced by RIAM(1-301) depends on Rap1 activity since it was blocked by cotransfection with Rap1GAP (Fig. 2D) . Thus, RIAM-mediated integrin activation requires RIAM's talin and RA binding domains, and Rap activity.
Membrane-targeting sequences of Ras proteins bypass the requirement of Rap1 activity for RIAM-dependent integrin activation
As noted above, the RA domain and Rap1 activity were needed for RIAM(1-301) to promote integrin activation.
Ras family proteins, such as Rap1, contain a C-terminal CAAX box that specifies C-terminal prenylation, proteolytic cleavage, and carboxymethylation (27) . In combination with nearby polybasic sequences and/or acylated Cys residues, this region of Ras family proteins plays a crucial role in the localization of these proteins to cellular by on December 21, 2008 www.jbc.org Downloaded from membranes and to particular micro-domains within these membranes (28) . To test the role of the membrane-localization region of Rap1A in integrin activation we joined the C-terminal 20 residues of Rap1A, which contains the CAAX box in combination with a Lys-rich region, with RIAM(1-176), a fragment that contains the talin binding region but not the RA domain. Expression of GFP-RIAM(1-176)-CAAX in combination with talin dramatically increased PAC1 binding to αIIbβ3 whereas, as before, GFP-RIAM(1-176) failed to do so (Fig. 3A) . Because each RIAM construct was GFP-tagged, we were able to directly compare expression level with effect on integrin activation. Addition of the Rap1 membrane-localization sequence resulted in a >10 fold increase in the capacity of RIAM(1-176) to activate integrin αIIbβ3 (Fig. 3B) . Furthermore, integrin activation induced by GFP-RIAM(1-176)-CAAX did not require Rap1 activity since it was insensitive to inhibition by Rap1GAP (Fig. 3C) , indicating that RIAM(1-176)-CAAX expression bypasses the requirement for Rap1 activity. The effect of RIAM(1-176)-CAAX on integrin activation is dependent on interaction between talin and integrin β3 cytoplasmic tail because GFP-RIAM(1-176)-CAAX was not able to activate integrins when co-expressed with a talin mutant (talin(W359A)) that is deficient in binding to integrin β cytoplasmic domain (29) (Fig. 3D) . These results strongly suggest that one important effect of Rap1 interaction with RIAM is to drive recruitment of a RIAMtalin complex to the plasma membrane.
RIAM(1-176)-CAAX
promotes Rap1-independent talin association with integrins at the plasma membrane Based on the observation that RIAM(1-176)-CAAX activates integrin αIIbβ3 in a Rap1-independent manner, we hypothesized that membrane recruitment of talin, mediated by Rap1's membrane targeting domain, leads to integrin activation. To test this idea, we examined the localization of αIIbβ3 integrins, RIAM(1-176)-CAAX and talin. Expression of GFP-RIAM(1-176)-CAAX promoted formation of cell surface clusters exhibiting extensive co-localization of talin and αIIbβ3 integrins (Fig. 4A, 1 st row). In contrast, expression of GFP-RIAM(1-176) resulted in a diffuse, predominantly cytosolic distribution of RIAM(1-176) and talin that did not co-localize with αIIbβ3 integrins (Fig.  4A, 3 rd row). Similar results were obtained in biochemical subcellular fractionation assays. Expression of RIAM(1-176)-CAAX led to a marked increase in membrane-associated talin (Fig. 4B) . In contrast, RIAM(1-176), which lacks a membrane-targeting sequence, failed to induce talin localization to the membrane fraction, remaining essentially cytosolic (Fig.  4B) .
To specifically test the role of membrane targeting by the Rap1 CAAX sequence, we expressed GFP-RIAM(1-176)-A-SAAX, a prenylation-deficient variant in which the polybasic Lys tract within the Rap1 sequence is replaced with Ala residues. Expression of this construct produced a phenotype identical to that observed with GFP-RIAM(1-176) (Fig. 4A, 2 nd and 3 rd row), thus demonstrating an essential role of Rap1-mediated membrane targeting for formation of the talin, RIAM and integrin containing clusters. To quantify the extent of colocalization between talin, RIAM and αIIbβ3 integrins, we compared the distribution of correlated pixels as a 2-color component scatter plot and calculated Pearson's correlation coefficients, shown in Supplemental Fig. S2 . These quantitative analyses showed that talin and all of the RIAM(1-176) constructs exhibited extensive co-localization, regardless of the presence of the Rap1 CAAX sequence. However, only the RIAM(1-176)-CAAX led to a significant correlation between the distribution of integrin αIIbβ3 with talin and RIAM (Supplemental Fig. S2 ). In addition, maximal RIAM-induced integrin activation required by on December 21, 2008 www.jbc.org Downloaded from both the polybasic Lys residues and the capacity to be prenylated, as combined mutation of the polylysine tract and the CAAX box in the Rap1A membrane targeting sequence abolished its ability to support integrin activation (Supplemental Fig. S3 ). Rap1 activity is required for full length RIAM to induce formation of a complex containing talin and integrin αIIbβ3 (23) . In sharp contrast, inhibition of Rap activity by expression of Rap1GAP had no effect on the association of talin and integrin αIIbβ3 with GFP-RIAM(1-176)-CAAX (Fig. 4A, 4 th row and Supplemental Fig. S2) . Thus, joining a talin binding fragment of RIAM to the membrane targeting sequence of Rap1A is sufficient to induce talin recruitment to the plasma membrane, association with integrin αIIbβ3, and integrin activation even when Rap1 activity is inhibited.
Talin binding to RIAM is required for integrin activation
The foregoing studies show that the talin binding function localizes to the NH 2 -terminus of RIAM(1-103). To further narrow down the talin-binding sequence, we expressed additional truncation mutants of RIAM as GST-tagged proteins and assessed their ability to bind purified recombinant talin. RIAM and RIAM(1-43) bound talin, whereas RIAM(44-103) did not (Fig. 5A) . Analysis of the secondary structure predicted ~20 residue amphipathic α-helix within this region (Fig.  5B) . Because hydrophobic interactions of amphipathic helices are crucial in many protein-protein interactions such as that of talin with vinculin (30), we mutated the hydrophobic residues predicted to form one face of the helix to charged Glutamic acids. Specifically, we made these substitutions in RIAM residues M11,-F12,-L15-, and L16 to form RIAM(1-30)-4E. GST-RIAM(1-30)-4E failed to bind talin (Fig. 5C) (Fig. 5D) . Thus, RIAM(6-30) contains a minimal binding site for talin, indicating that the N-terminal 30 residues of RIAM are both sufficient and necessary for talin binding (Fig. 5D ).
Having identified a short talin binding sequence and mutations that disrupt talin binding, we tested the importance of the talin binding activity in integrin activation by creating a minimized Rap1-RIAM module. We joined the short talin binding sequence, RIAM , to the Rap1 membrane targeting sequence to form RIAM(1-30)-CAAX. Cotransfection of this 50 amino acid chimera with talin promoted activation of integrin αIIbβ3 (Fig. 5E) . In sharp contrast, RIAM(1-30)-4E-CAAX had no effect on the activation of αIIbβ3 (Fig. 5E) .
Furthermore, the introduction of the same 4 Glu mutations into RIAM(1-301) abolished talin binding (not shown) and consequently blocked integrin activation (Fig. 5F ). When expressed in A5 cells, GFP-RIAM(1-30)-CAAX co-localized with talin in cell surface clusters (1 st row, Fig.  5G ).
In contrast, GFP-RIAM(1-30) colocalized with talin throughout the cytoplasm and failed to form the cell surface clusters (3 rd row, Fig. 5G ). Finally, the talin bindingdeficient RIAM(1-30)-4E-CAAX failed to recruit talin to the membrane (2 nd row, Fig.  5G ). Thus, RIAM's talin binding site is within a short sequence that contains an amphipathic α-helix.
Furthermore, the capacity of RIAM to bind to talin is required for its ability to promote integrin activation.
A shared amphipathic helical motif mediates Lamellipodin binding to Talin and integrin activation
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RIAM is a member of the MRL protein family that includes its closest paralogue, Lpd (22) . Lpd can induce both talin recruitment and integrin activation (31); however, Lpd overexpression can decrease the adhesion of HEK 293 cells to fibronectin (32) . Nevertheless, we found that expression of full length Lpd (not shown) or Lpd(1-355), which contains both the talin binding site and an RA domain, in conjunction with talin activated αIIbβ3 integrins (Fig. 6A) . The NH 2 -terminal fragment of Lpd, Lpd(13-60), contains a region (17-46) that is ~47% identical to the talin binding site of RIAM (Fig. 6B) and is predicted to contain an amphipathic α-helix (Fig. 6C ) similar to that contained within RIAM(1-30). Indeed, Lpd(13-60) bound to purified talin (Fig. 6D) . In contrast, Lpd(27E, 28E, 31E, 32E)(13-60) (abbreviated Lpd(13-60)-4E)), incorporating mutations predicted to disrupt the hydrophobic face of the helix, did not bind talin (Fig. 6D ). As noted above, RIAM requires the ability to bind to both Rap1 and to talin in order to mediate integrin activation.
Nevertheless, Lpd has been reported not to bind to Rap1, even though it contains an RA domain (22) . Because other Ras proteins might bind to Lpd and serve to provide membrane localization, we asked whether the membrane targeting sequences of other Ras GTPases might be able to recruit talin appropriately to induce integrin activation.
Attachment of the membrane targeting sequences from the N-, K-, R-or HRas GTPases to RIAM(1-176) all increased integrin activation (Supplemental Fig. S4 ). Based on these results, we fused a CAAXcontaining membrane-targeting sequence to GFP-Lpd(13-60) and found that it could promote activation of integrin αIIbβ3 in conjunction with talin (Fig. 6E) . As with RIAM, both talin binding and membrane targeting were required since the talin bindingdeficient mutant, Lpd(13-60)-4E-CAAX and membrane targeting deficient Lpd(13-60) did not promote activation (Fig. 6E) .
To investigate if integrin activation by the Lpd fragment leads to integrin cluster formation, we co-expressed talin with Lpd(13-60)-CAAX, the talin binding defective mutant Lpd(13-60)-4E-CAAX, or Lpd(13-60). Indeed, GFP-Lpd(13-60)-CAAX led to coclustering with talin (1 st row, Fig. 6F ) and integrins (not shown). In contrast, the talin binding deficient GFP-Lpd(13-60)-4E)-CAAX failed to recruit talin to the membrane (2 nd row, Fig. 6F ), whereas GFP-Lpd(13-60) co-localized with talin throughout the cytoplasm but failed to form the cell surface clusters (3 rd row, Fig. 6F ). Thus both RIAM and Lpd can mediate integrin activation through a common scaffolding mechanism; they each contain amphipathic helices that mediate direct binding to talin and RA domains that bind Ras superfamily GTPases. MRL proteins thereby act as scaffolds that mediate the membrane recruitment of talin where it interacts with and activates integrins.
In platelets, agonist stimulation leads to talin redistribution from the cytoplasm to the plasma membrane (33).
The work described here provides a detailed biochemical explanation for the redistribution of talin. Specifically, as noted above, Rap1B is activated in response to platelet agonists and RIAM mediates the Rap-dependent relocalization of talin to the plasma membrane (23) . We now show that, RIAM can bind to both Rap1 and talin, thereby forming a scaffold that uses Rap1's membrane-targeting sequence to induce talin relocalization. Furthermore, the minimized Rap-RIAM module that contains only talin binding and membrane targeting sequences was sufficient to replace both RIAM and Rap activity for talin redistribution to the plasma membrane and integrin activation. Thus, these studies show that talin recruitment to the plasma membrane is important for integrin activation and provide a molecular mechanism for this recruitment by MRL proteins. (34), it will be of interest to explore the potential role of modulation of MRL proteins as a potential mechanism for this effect of PI3-kinase.
Similarly, the ENA/VASP and Profilin binding sites of RIAM and Lpd were dispensable for integrin activation in our experiments, yet these interactions are likely to make an important contribution to both RIAM and Lpd's capacity to promote actin polymerization (20, 22) ; the capacity of the MRL proteins to bind talin through a conserved motif suggests that RIAM could also serve as a link between activated integrins, talin, and polymerizing actin. activation indices (AI) were calculated as described in Fig. 2 and are the mean±SE (standard error) for n≥3 is shown (A-D). Transfected protein expression levels were assessed by western blotting (right panels) with antibodies against GFP or HA for detection of GFP-RIAM, HA-talin or HA-Rap1GAP, as indicated (A-D). 30) contains a putative amphipathic α-helix. RIAM(1-30) was analyzed using a secondary structure prediction program (http://pbil.univ-lyon1.fr/) and predicted helical residues (h) were identified with DSC, MLRC, and PHD Programs. Symbols represent (h) α-helix, (c) random coil and (e) extended strand. Helical wheel analysis was performed on RIAM (11) (12) (13) (14) (15) (16) (17) (18) (19) (20) (21) (22) (23) (24) containing the predicted α-helical region and (*) denotes hydrophobic amino acid residues that were mutated to charged Glu residues (See Fig. 5C ). (C) Disruption of hydrophobic face of the predicted helix abolishes talin binding. Hydrophobic amino acid residues aligned along one side of the predicted amphipathic α-helix in RIAM(1-30) were mutated to glutamic acids and expressed as GST-tagged proteins immobilized on glutathione-sepharose beads. Purified recombinant His6-talin was incubated with GST-RIAM(1-30), and the corresponding mutants M11E-F12E-L15E-L16E (RIAM(6-30)-4E), or L15E-L16E-L21E-L22E. Bound proteins were fractionated by SDS-PAGE followed by Coomassie Blue staining for detection. (D) Interaction of RIAM with talin is inhibited by a short RIAM wild type peptide but not by mutant peptide. The complex of GST-RIAM(1-301) was incubated with full length recombinant talin and binding was performed as described in Fig. 1B in the presence of increasing amounts of peptides containing sequences from RIAM: wild type peptides spanning (6-30) or a mutant peptide (6-30)-4E, respectively. 4E denotes the M11E,F12E,L15E,L16E mutant. 
